Frost at anthesis of wheat reduces grain set. Characteristics of frost in a large section of the wheat belt of one Australian state (N.S.W.) are described. Using cluster analysis, the region can be divided into four homogeneous areas according to five general characteristics of frost. These characteristics are the mean Julian day of first and last frost, the mean number of frost days, the proportion of single-day frosts (days on which a frost did not occur on the following day) from August to October and the proportion of frost free periods from August to October of less than 5 days' duration.
Introduction
Frost damage is often reported to be a factor causing serious losses in wheat crops, e.g. in Kansas, U.S.A. (Paulsen and Heyne 1983) ; in Japan (Uemura et al. 1972) ; in Quetta, Pakistan (Rees et aE. 1990) ; in Chaco and Formosa, Argentina (Cettour and Nissi 1985) ; in Glen, South Africa (Singels 1992) ; in Australia (McCann and Rooney 1955; Chambers 1962; Loss 1988; Woodruff 1988) ; and in N.S. W. in particular (Fitzsimmons 1961 (Fitzsimmons , 1966 Brown and Fitzsimmons 1964; Marcellos and Doyle 1974; Single 1986; Cooper 1992) . In N.S.W., the losses vary between 5 and 35%, with heavy frosts in late September and early October being responsible for most of the damage (Brown and Fitzsimmons 1964; Fitzsimmons 1960 Fitzsimmons , 1966 Fitzsimmons and Aitkin 1970; Single 1986 ). The greatest losses occurred in the 1965 season when heavy frosts in early October caused a yield loss of 50% (Fitzsimmons 1966) .
Incorporating genetic resistance to freezing stress into new varieties is one potential way to avoid frost injury (Fletcher and Cullis 1988; Fletcher 1990 ). However, this approach may be difficult to implement as the genetics of resistance are complex and many varieties are already near the upper limit of tolerance to this stress (Richards 1991) . Another strategy is to optimize the sowing time so that anthesis occurs after the last heavy frost. Marcellos and Doyle (1974) proposed that heading should be between 1 and 3 weeks after the mean last date of frost, whereas Syme (1973) and Fischer (1979) suggested that anthesis should occur after the mean date of the last frost plus one standard deviation. The objectives of this paper are (i) to examine the incidence of frost as a function of geographical variables, (ii) to provide statistical tools for the examination of frost incidence patterns, and (iii) to validate the analysis using the results of three field studies on wheat. 
Methods

Study Region
The region studied was the north and central wheat belt of New South Wales (2.3 million ha; Fig. 1 ) where frosts are a major problem. Data indicating frost occurrence at 24 sites were obtained from the Australian Bureau of Meteorology. The elevation and location of the sites are presented in Table 1 
Method of Analysis
General characteristics of fmst
The region was divided into homogeneous areas using cluster analysis based on the furthest neighbour algorithm (Chatfield and Collins 1980) , the analysis covering the following frost characteristics:
(1) mean Julian day of first frost (FFD), (2) mean Julian day of last frost (LFD), (3) mean number of frost days per year (NFD), (4) proportion of single-day frosts from August to October (PFSl), and (5) proportion of frost-free periods from August to October that are of less than 5 days duration (PNFS4).
The coefficients of variation of these characteristics are presented in Table 2 .
In developing regression equations for these frost characteristics, altitude, latitude and longitude were used as predictors. To allow for the precision of the characteristics varying across sites, a weighted form of regression analysis was employed to develop the equations. A simple graphical technique was used to decide whether the same regression coefficients could be used in different areas (Fletcher and Boer 1992; Boer et al. 1993 ). The quality of fit of the equations was assessed using R i I , (Willet and Singer 1988) and the square root of the mean of the squared residuals (RMS) for each area. R2,1, is defined as:
where RSS is the sum of squares of the residuals, sy2 is the variance of the dependent variable and n is the number of observations. The validity of the equations was tested against data which were not used in developing equations. The data used were from additional meteorological stations near Condobolin, Gunnedah and Wellington. The geographical positions of the corresponding stations are 33.08OS., 147.57OE.; 30.98OS., 150.25O E.; and 32+57OS., 14895OE.; with altitudes of 199, 306, and 304 m. The length of record of the respective stations was 20, 22 and 25 years.
The relationship between the date of the first and last frost at a particular site was also investigated using regression techniques.
Specific characteristics of frost
The study region was divided into areas based on the characteristics of frost during the periods in which wheat may come into head. The areas were delineated firstly using cluster analysis on the mean dates of last heavy frost (LHFD) and last frost (LFD), where a heavy frost is defined as one for which the screen minimum temperature is less than O°C (cf. Linacre and Hobbs 1977) ; and secondly, on the number of consecutive frost days (the length of a frost spell) in each of August, September and October. The characteristics for each month were:
(1) maximum length of a frost spell (MLS), (2) probability of a frost spell of at least 2 days' duration (PLS2), (3) maximum number of frost spells (MNS), and (4) probability of having one frost spell (PHIS), at least two (PHZS), three (PH3S), four (PH4S), five (PH5S) or six frost spells (PH6S). 
Results
General Characteristics
Based on the general characteristics of frost, the region could be divided into two homogeneous areas, with each of these being further divided into two subareas (Fig. 2) . This division appears to be closely related to elevation with most of Area 2 being at elevations greater than 250 m ( Fig. 2; cf. Fig. 1 ). The Julian day of first frost decreases from west to east while Julian day of last frost increases, thereby increasing the length of frost period ( Table 3 in the length of frost period is associated with an increase in the number of frost days (Table 3) . &om August to October, the probability of having up to 4 consecutive frost free days is less than 52% in Area 1, while in Area 2 it is greater than 64% ( Table 3) . The length of a frost spell is mostly more than 1 -day in Area 2 ( Inspection of the correlation coefficients between the geographical variables and the characteristics indicated that altitude was the predominant variable. Furthermore, when regression equations were fitted for the whole region, neither latitude nor longitude approached significance after accounting for altitude. Therefore, only altitude was used as a predictor in developing the equations.
The regression analysis suggested that the effect of altitude on the frost characteristics was significantly different between the two areas (Fig. 3) . The RMS for the NFD and PNFS4 equations were smaller in Area 2, implying that these fit better if they are applied when the altitude is more than 250 m (Table 4) . In contrast, the FFD, LFD and PFSl equations fitted better at lower altitude. The effects of altitude on PFSl and PNFS4 were not significant in Area 1.
A weak negative linear relationship between the timing of first and last frost was found at most sites; the relationship was strongest at Coonamble, Warren and Dubbo. A Area 2 only. Unit of measurement of RMS for FFD and LFD is day and the remainder is percent.
The equations were validated at three meteorological stations which had not been used in the construction of the equations. The prediction errors in the validation study ranged from 0 -7 to 22.5%, with a mean of 9.8%. In general, the prediction errors for FFD, LFD and PFSl were less than 7%, while for NFD and PNFS4 were greater than 15% at two of the three sites (Table 5) . 
Specific Characteristics Mean Julian day of Last Heavy Frost (LHFD) and Last Frost (LFD)
The division of the region using LHFD and LFD was consistent with that using the five general characteristics. However, for these specific characteristics, we used a higher level of clustering to examine their spatial variation in detail. We found that 12 clusters (areas) were most effective (Fig. 4) . Within each area, analysis of variance showed no significant difference between the site means for both LHFD and LFD. We therefore used the overall mean and the pooled standard deviation as area summaries. The mean varied from 30 July to 8 October and from 19 August to 25 October for LHFD and LFD respectively, while the pooled standard deviation varied from 12 to 28 days and from 13 to 31 days respectively (Fig. 4) . The last date of heavy (or light) frost, D,, for a given level of probability can be derived using the equation:
where 2, is the upper (p/2)% point of the standard normal distribution and m and s are the mean and standard deviation of the date of the last heavy (light) frost. As Z5 = 1-96, LHFDo.:, in Area 1 would be 7' September; in other words, a heavy frost would occur once in 20 years after 6 September. Rearranging the equation, the probability of having a heavy (or light) frost after a given date D is given by the value of p* corresponding to:
August-October frost spell
The region was divided into three areas according to the four August frost spell characteristics, and into four areas according to those for September and October (Fig. 5) . In all areas, the probability of not having a frost during August was very small. In half of the years, there were at least 3, 4 and 5 August frost spells of any duration in Areas 1, 2 and 3 respectively (Fig. 6a) while the mean of the maximum number of spells was 6, 7 and 8 respectively. More than half of these frost spells were more than 2 days in length for Areas 2 and 3. The mean of the maximum length of an August frost spell was 6, 8 and 14 days for Areas 1, 2 and 3 respectively. For September and October, the number of frost spells and the maximum length of a spell were lower and the differences between areas for the corresponding characteristics were more pronounced (Fig. 6b, c) . 
Discussion
The region can be partitioned into two main areas, each containing two homogeneous subareas. Area 1 is in the western part of the region (lower elevation), and Area 2 in the eastern part (higher elevation; Fig. 2 ). This indicates that altitude is more dominant than latitude in affecting frost occurrence. This is in contrast to the suggestion of both Gentili (1971) and Gibbs et al. (1978) that both altitude and latitude are the major factors in determining the frequency of frost occurrence. The weak correlation with latitude might be due to the study region covering four degrees of latitude (29.5 to 33.5's.) . If the region covered were extended, there is a possibility that an effect of latitude might appear, since the frost characteristics at Condobolin, Tullamore and Forbes, which are at low altitude (<250 m) but high latitude (>32O S.), are similar to those at sites in Area 2 ( Fig. 2; cf. Table 1, Fig. 1) .
The relationship between both first and last frost day (FFD and LFD) and altitude was found to be quadratic in Areas 1 and 2. For NFD and PFSl and PNFS4, the relationship was found to be quadratic only in Area 2 ( Fig. 3; cf.  Fig. 2) . Furthermore, in Area 1 the effect of altitude was only significant for NFD (Fig. 3) . The variation in NFD was greatest in the northern and western extremities of the region (Table 2) . In Area 1, the first frost was much earlier and the last frost much later in the year as the altitude increased from 100 to 200 m. At the higher altitudes, the rate of change in FFD and LFD was almost the same for the two areas. A 100 m change in altitude would be translated into a 5 day change and a 4 day change in FFD and LFD respectively (Fig. 3a, b) . The effect of altitude on NFD was pronounced in areas above 400 m, but not in areas between 200 and 400 m (Fig. 3c) . Between an altitude of 200 and 300 m in Area 1, FFD occurred later and LFD occurred earlier than in Area 2 (Fig. 3) . The existence of a negative linear relationship between the date of first and last frost has been found in other countries, e.g. Eastern Massachusetts, U.S.A. (Baron et al. 1984) , and Saskatchewan, Canada (Williams et al. 1988 ). In our study, a weak negative correlation between these two characteristics exists at most sites. Thus, it may be concluded that when the first frost occurs earlier in the autumn, the last frost tends to occur later in the spring.
To maximize yield of wheat, it is necessary for anthesis to occur after the high risk frost period (Single 1987) . A low risk frost period can be determined for any site in the region using the means and standard deviations presented in Fig. 4 . A late date of anthesis needs to be balanced against the damage that can occur if grain filling takes place during a time of high temperature and/or moisture stress. Field studies with wheat at Trangie (Cooper 1992) , Narrabri (McDonald et al. 1983) and Tamworth showed that the highest yield was obtained if the crop flowered in mid September, late September and early October respectively. Each week's delay in anthesis after these dates can reduce yield by 9-16% McDonald et al. 1983; Cooper 1992) . Using Julian days 258, 270 and 277 to represent mid September, late September and early October respectively, the probability of having a heavy frost after these periods is about 12, 3 and 3% (using Fig. 4 ). As these field studies are consistent with our study, further validation should be undertaken with other crops when data are available so that the equations (Fig. 3) can be used to estimate frost incidence at any site in the region.
The general frost characteristics at Parkes and Peak Hill which are at a similar latitude to Condobolin, but at a higher altitude, were found to be the same as those at Area 1 (Fig. 2) . Gunnedah and Tamworth, which are both at high altitude (Table 1, Fig. I ), were also found to be in Area 1 (Fig. 2) . Similar features were also observed in their specific frost characteristics (Fig. 5) . Local conditions such as topography (Lawrence 1958; Bootsma 1976; Hammer and Rosenthal 1978; Kalma et al. 1983 Kalma et al. , 1986 Tabony 1985; Canadas et al. 1988) , the type and distribution of vegetation (Wilson 1968) , soil type, soil moisture content, air specific humidity and wind speed (Valery and Shakespeare 1975; Avissar and Mather 1988 ) also affect frost formation. These may account for the classification of these sites.
The approach developed here can be used generally to partition any region into homogeneous areas using cluster analysis allied with expert knowledge. The equations which are then generated will usually fit better than those obtained by simple regression analysis for the whole region, as the latter method is open to bias from local effects.
